A new concept of switches selection in the meta-heuristic optimization process of optimal distribution network reconfiguration has been proposed. Based on the adaptive set of selectable candidates, the proposed concept determines the switch status. This approach prevents the creation of unfeasible solutions (non-radial and unconnected configurations), and significantly reducing the number of searches and accelerating the optimization process. Unfeasible solutions, created by meta-heuristic optimization rules, can be corrected by means of the proposed adaptive loop concept. The correct parts of the unfeasible solution are retained, while only the defective parts are replaced by the adaptively formed loops from the currently available conditions that respect the correct switching operations. In this way, the basic characteristics of the optimization process have been retained to the greatest possible extent. Tests were performed on a two different size standard distribution networks.
Introduction
The reconfiguration of the distribution network is one of the most important management functions that optimize the operation of distribution networks. Optimal reconfiguration ensures optimal status of switching devices from the aspect of different, user-defined optimization criteria. These optimization criteria are usually related to minimizing the loss of real power in distribution network, balancing the load on branches of network, and reliability indices of consumers supply. The optimal solution must fulfil the thermal limitations related to the elements of the distribution network, as well as provide the appropriate voltage for all consumers. A radial configuration of the distribution network is preferred in order to facilitate the easy adjustment of relay protection and regulation devices, irrespective of the presence or absence of connected distributed sources.
As such, the reconfiguration problem is classified as a mixed integer/binary nonlinear non-differentiable constrained optimization problem. Instead of the classical optimization algorithms [1, 2] , a series of heuristic methods have been proposed to solve this problem [3] [4] [5] [6] . In [6] a new heuristic approach is proposed for reconfiguration of a distribution network in the presence of distributed generation. The heuristic algorithms are very fast to solve the reconfiguration problem and are appropriate for real time distribution automation. However, the solutions of heuristic methods strongly depend on the initial configuration of the network. While on the other hand, metaheuristic methods enable better, spread search of the so-lution space and, depending on the applied method, they can find solution that is close enough to the global optimum. Therefore, meta-heuristic methods have been used more frequently in recent years for solving this problem: ant colony algorithm [7] , gray wolf optimizer [8] , particle swarm optimization [9] , cuckoo search algorithm [10] , genetic algorithm [11] , etc. In addition to meta-heuristic methods, in recent years, the number of papers utilizing other artificial intelligence tools such as fuzzy logic and clustering algorithms [12, 13] has also increased. In [14] , the authors proposed parallel-based genetic algorithm for network reconfiguration in power system planning whereas in [15] , they put forward a mixed approach of heuristic and meta-heuristic method. A method for load restoration after natural disasters considering coordination of system reconfiguration and creation of separate microgrids using mixed-integer second-order cone programming was proposed in [16] . These methods were used in single-criterion or multi-objective optimization algorithms. In [17] , the fast NSGA was used for minimization of real power losses thereby improving voltage profile and load balancing index with minimum switching operations. Hybrid optimization algorithm combining the concept of fuzzy Pareto dominance with shuffled frog leaping algorithm aimed at recognizing optimal non-dominated solutions is presented in [18] . A multi-objective gravitational search algorithm for distribution feeder reconfiguration with distributed generators was proposed in [19] . After solving multi-objective problem and obtaining Pareto front, the most preferred solution is chosen using a fuzzy decision-making tool.
Although these methods focus on the problems of criterion function non-differentiability and the premature stopping in local optimum, new problems are encountered since they are mostly combinatorial methods by default. These problems are mainly associated with a large number of searches, and with a significant number of discarded unfeasible solutions. The reason for solution rejection can be violation of the allowed limits of control variables (real numbers), or creation of non-radial or unconnected configurations (integer/binary numbers). Consequently, this creates space for further improvement of these methods.
Regardless of the optimization methods in many of the above-mentioned papers the fundamental loop concept was used [20] . Fundamental loops are used to reduce the number of created unfeasible solutions. This concept represents a major advancement regarding binary coding [21] , but there is a serious deficiency that is reflected in the possibility of forming islands or unconnected parts of the network. If an unfeasible solution is generated during an optimization process, it is discarded and the new one is created instead. This is the main reason why a new approach of branch coding has been proposed in this paper, and it has been dubbed the adaptive loop concept.
Based on the fundamental loop concept, the proposed procedure determines the solutions based on the adaptive selection of loops. In other words, aimed at ensuring the radial structure of network, a selection of switches is being performed successively for each control variable thus preventing the creation of an unconnected network. This greatly reduces the number of searches and accelerates the process of generating the population. It is possible to correct unfeasible solutions that are created with meta-heuristic optimization rules by utilizing the proposed adaptive loop concept. Furthermore, with this concept, from every unfeasible solution, the maximum of correct data is extracted, and only the bad data set is corrected. In this way, the obtained corrected solution is the closest to the considered unfeasible solution, by which the basic characteristics of the selected optimization process remain unchanged. Therefore, using the adaptive loop concept prevents rejection of irregular solutions that are generated using the operators of optimization algorithm. The total calculation time decrease is exactly what occurs caused by this, since the corrected solution is compared with the already existing solution in the "knockout" selection stage and, therefore, only better one goes to the next population.
In distribution network real-time measurements are limited and network observability is not achieved unless pseudo measurements are used. Pseudo measurements of active and reactive power injections and consumptions are based on forecasted and historical data. According to [22] , methods for load forecasting can be deterministic and probabilistic, depending on chosen level of uncertainty. In this paper, probabilistic fuzzy representation of power injections and consumptions are used. For these reasons, the authors used the previously developed fuzzy load flow [23] .
Adaptive loop concept has been implemented and tested by means Differential Evolution (DE) [24] , which proved to be an excellent choice when solving some other power systems problems [25, 26] . The testing of the optimization process was carried out on the two standard test distribution networks (IEEE 33 and 119-bus system) with controllable switches in all branches. The reduction of real power losses in the network with/without distributed production is considered in proposed algorithm.
After the introductory considerations in which the literature has been reviewed and the main idea of this paper presented, we propose the general formulation of the optimization problem of distribution network reconfiguration, focusing on the concept of adaptive loops for the creation of the initial population and the correction of unfeasible solutions. After the applied optimization algorithm is described we give a complete overview of the used optimization and present the simulation results of proposed method on IEEE 33-bus and IEEE 119-bus test systems.
Mathematical problem
The optimal reconfiguration provides status of distribution network switching equipment in terms of different optimization criteria. In order to create a connected radial configuration of the distribution network with the optimal value of the considered criteria function, it is necessary to find a set of control variables related to switching elements status that need to be opened in a given operating mode (or in a certain time interval) in this process. In order to simplify presentation of the proposed algorithm a static problem is considered, related to a single operating regime with a given load and production. In this paper, the reduction of real power losses is considered
where R i is resistance of the i -th branch, N b is the number of branches of the observed distribution network, J i represents the current that flow through the i -th branch.
Constraints
The generated distribution network configuration must overcome the imposed topological and operational constraints that system operator has to consider when modifying the distribution network. These constraints are current flow limits through branches, voltage deviation limits, network connectivity and radial operation. The last stated constraint occurs due to technical reasons, such as voltage regulation and simplification of protection schemes. The feasible solutions are those that fulfil the next set of constraints:
1) Power flow equations as equality constraints
2) Branch capacity constraints
3) Node voltage constraints
4) All buses are supplied
5) Radial network structure is maintained [8] det(A 1 ) = 1 or − 1 .
Above, I i is load current in the receiving node of the ith branch, α is the set of all downstream branches that are connected to the i -th node, J i,min and J i,max are lower and upper limit of the line current of i -th branch, respectively. V j is voltage of j -th bus, while V j,min and V j,max are lower and upper limit of j -th bus voltage, respectively. A is connection matrix which has one row for each branch and one column for each node. In this matrix if branch i is directed from node j , element A ij is equal to 1 , and if it is directed toward node j , element A ij is equal to −1 , otherwise element A ij is zero. The loop is iterative function that examines if the considered network is connected. In each iteration this function calculates absolute sum of each element of a corresponding column in matrix A, and nodes whose sum is equal to 1 determine which branch (row) will be removed from the matrix A [8] . The iterative procedure ends when there are no more nodes whose sum is equal to 1. There are two possible outputs from the loop function. In the first case, matrix A is not empty and the remaining branches form a loop, while in the other case an empty set indicates that the network is connected. Since there is N b = N bus − 1 branches in the network, if there is a loop in a network, one node is left without supply. A 1 is connection matrix, which is the same as matrix A where the first column corresponding to the reference node in the network is removed.
Adaptive loop concepts
In the optimal reconfiguration problem, the number of control variables is equal with the number of switching elements. By simultaneously changing the status of switching elements, the network configuration changes in order to optimize the criteria function. Developed heuristic methods generally allow changing the status of only one pair of switching elements [4, 27] . Using this procedure, the created solution is very dependent on the initial state of the distribution network and generally does not allow finding of global optimum. Simultaneous consideration of many switching actions makes the reconfiguration problem extremely difficult, which was the reason for the introduction of meta-heuristic methods in solving this problem. The necessity of creating a radial structure and supply of all consumers further complicates this problem, since in many cases the configurations that have loops or unconnected customers could be created.
Great progress in this area has been achieved by applying the fundamental loops concept [20] . Assuming, that an available switching device exists in each branch of the distribution network, the number of control variables has been reduced to the number of independent -fundamental loops of the network formed according to the positions of normally open switches in the initial configuration. The possibility of switch status change is related to determination of their belonging to individual fundamental loop. Since some branches belong to one or more fundamental loops, the choice of control variables is not independent, as is usually adopted in the application of this concept. However, this does not prevent the possibility of forming islands or isolating a group of consumers. Additionally, this is the main disadvantage of this approach. Generated unfeasible solutions are then rejected and the procedure is repeated until a feasible solution has been obtained.
With the adaptive loop concept solutions with loops or unconnected configuration of distribution network are avoided. The choice of control variables is related to the successive analysis of the loops that change depending on the variables chosen up to then. This procedure can be used in the initial population formation as well as the unfeasible solution correction obtained using the optimization operator. A detailed overview of the necessary steps for these two cases is given in the following sections.
Creation of the initial population
As stated above, sets of branches are not unchangeable. Yet, they change with every change in the network configuration. In order to simplify the explanation of the adaptive loops concept, the distribution network configuration will be represented by an oriented graph. The direction of the oriented branch goes from the sending end to the receiving end, ie it coincides with the natural power flow of the radial distribution networks and is uniquely determined for each feasible configuration. In addition, two operators " ←" and " →" have been introduced, which are used to define the search direction and to collect the allowed candidates for individual control variables. The first operator " ←" indicates that the search and the addition of a branch into the corresponding set is done in opposite direction from the orientation of the network branches, while the other operator " →" indicates that the search is done in the same direction.
Each solution a is defined by a vector of control variables t a . Elements of this vector, t a = [t a1 , ..., t ae ], are the indexes of those network branches in which switching equipment is in the normally open state. All other switching elements are in the closed position. In order to enable the radial configuration, the length of the control vector is determined by the number of the fundamental loops of the networke . The algorithm for creating the initial population elements using the adaptive loop concept is described in the following steps:
• Select an arbitrarily feasible solution t 0 that will serve to initialize the iterative process. A set of possible values of the k -th control variable is a set of branch indexes that can be switched off in order to preserve the radial structure when the t 0k switch is closed. This set is labelled with L ck , and its formation is described below. • Add all branch indexes on the path from the sending (receiving) end of the branch t 0k , using the operator " ←", to the set L sk (L rk ). • Form a set of candidates L ck , using a relation
Branches corresponding to this set constitute an adaptive loop.
• Arbitrarily choose one branch of set L ck to be switched off (t wk ).
• Close the t 0k switch, open the t wk switch, and reorient the graph. • If k < e go back to step 2, otherwise proceed to the next step. • Assign the vector t 0 an arbitrarily chosen solution from the already formed initial population and continue the process of creating it. The described procedure is repeated N p times. Figure 1(a) shows the flowchart of this algorithm. The proposed algorithm for creating the initial population is illustrated on the distribution network shown in Fig. 2(a) , with three fundamental loops. Red dashed lines represent the branches with tie switches. In further analysis, it has been assumed that the vector t 0 consists of the following elements t 0 = [13, 14, 15] , yellow dashed lines in Fig. 2(b) . Assuming that in each branch there is a switching device, three sets of fundamental loops are L 1 = [2, 3, 4, 7, 13], green contour in Fig. 2 4, 5, 6, 10, 11, 14] , brown dashed contour in Fig. 2(b When applying the adaptive loop concept let us assume that for the first control variable the same value, as is the case in the previous example, is assigned (t w1 = L 13 = 4). This means that the switch in branch 13 is closed and the switch in branch 4 is open, Fig. 3(a) .
After the reorientation of the graph, for the branch t 02 = 14 the path to the supply bus is formed, ie the sets L s2 and L r2 are filled. Since operator " ←" is used, it is necessary to find the shortest path from both ends of the open branch to the supply bus. Starting from the sending end, green dot in Fig. 3(b) , and receiving end, brown dot in Fig. 3(b) , the following sets of branches is obtained L s2 = [6, 5, 13, 7, 1], black contour in Fig. 3(b) , and L r2 = [11, 10, 2, 1], gray contour in Fig. 3(b) . Applying (6), a set of allowed values for second control variable (t w2 ) is created, L c2 = [2, 5, 6, 7, 10, 11, 13, 14] , red dashed contour in Fig. 3(b) . In order to preserve the radial structure, it is necessary to close the switch t 02 = 14 and open the switch on an arbitrary selected branch from the set L c2 . Let the sixth allowed value from the L c2 be selected for the second control variable (by random selection), ie t w2 = 11 . After the reorientation of the graph, Fig. 3(c) , the described procedure should be repeated for the last control variable. The elements of the set L s3 are [9, 8, 7, 1] , while the elements of the set L r3 are [12, 14, 6, 5, 13, 7, 1] . Applying (6) , a set L c3 , the elements of which are [5, 6, 8, 9, 12, 13, 14, 15] , is created. Closing the switch in branch number 15 and selecting any allowed value for the third control variable, a connected radial network is created at which further optimization calculations can be made. Assume that the value of 1 is obtained using a random number generator. In this case, the vector of the control variables has the following elements t a = [4, 11, 5] , Fig. 3(d) .
As has been shown, it is necessary to create a new set of allowed elements for each control variable while accessing adaptive loops. This additional search slows down the process of creating the initial population, but time savings are achieved by making each created solution feasible. Using the fundamental loop concept, the initial process will be repeated more times compared to the proposed concept because there is no possibility of preventing the creation of a solution that does not have a radial structure.
Correction of unfeasible solutions
Operator rules of selected meta-heuristic algorithm can create an unfeasible solution. In order to avoid the rejection of such solution, it is necessary to correct it, while, simultaneously, it is desirable to keep as many components of that solution as possible. Before correction, it is necessary to determine the "good" and "bad" control variables of the observed vector. The adaptive loop concept can be used for this purpose.
Suppose it is necessary to check the feasibility of the vector u a = [u a1 , . . . , u ae ]. The parent of the generated vector, x a , is used to verify the feasibility of the vector u a . The orientation of the graph is based on the base state, u 0 = x a . The iterative procedure involves a successive analysis of each control variable.
(1) If the k -th control variable is identical to an already considered one in the same vector, such a control variable is declared unacceptable and its replacement is required, otherwise proceed to the next step. (2) Using the operator " →" the R km set is filled with downstream branches starting from receiving end of disconnected branch. In this case, due to branching of the network, there are several possible paths that need to be checked: • If at the end of any path, obtained by searching with the operator " →", there is a branch corresponding to a control variable j from the vector u 0 , the search process continues from the branch u 0j using the operator " ←". If any such formed path ends in the supply bus of the network, the control variable is declared acceptable, otherwise such variable is declared unacceptable. Whenever a decision variable is confirmed by the adaptive loop concept as acceptable, it is necessary to open the switch u ak and close the switch u 0j , and the new orientation of the graph should be determined. • If the ends of the downstream paths, created by the operator " →", does not continue to one of the branches defined by the control variables of vector u 0 , such variable is declared unacceptable. (3) If k < e go back to step 1. (4) In the case of unacceptable variables, replace them with acceptable solutions using the procedure for creating the initial population. In this procedure, good variable dictates the network configuration from which the repair process begins. The described process can better be understood by example. Assume that the vector u 0 = x 0 = [13, 14, 15] is chosen for the parent. Also, assume that the vector u a = [3, 4, 11] is created using the optimization operator rules. As can be seen from previous, this combination of branch exclusion is unacceptable. The verification process begins with the first control variable u a1 = 3 . Since in this solution there are no identical variables the verification of each variable is reduced to the use of step 2 of the described algorithm. The path set R km is filled using the operator " →", where k represents a regular number of control variables and m the number of possible paths. In this case, two paths are created R 11 = [4, 5, 6] and R 12 = [4]. The first path, R 11 , can be continued with a branch u 02 = 14 , while the second path, R 12 , is continued by the branch u 01 = 13 . The search process continues from branch u 02 (arbitrarily selected) using operator " ←". The vector R 11 receives the final form R 11 = [4, 5, 6, 14, 11, 10, 2, 1], Fig. 4(a) . Since the path ends in the supply bus, the first control variable is declared acceptable. After closing the switch in branch 14 and opening the switch in branch 3 it is necessary to reorient the graph of the observed distribution network (red arrows with a star indicate a change in the power flow due to the disconnection of the branch), Fig. 4 .
After this, the process is continued by verifying second control variable, u a2 . By turning off the switches in the branch u a2 , it is not possible to form the requested path R 21 , Fig. 4(b) . Therefore, the second control variable is declared unacceptable and the verification process is continued by examining the last (third) control variable. Sets obtained using the operator " →" are now R 31 = [14] (the branch u 02 = 14 has changed status when checking the first variable), whose path is continued by branch u 01 = 13 and R 32 = [12] which continues with branch u 03 = 15 . The search process continues from branch u 03 (arbitrarily selected) using operator " ←". The path set R 32 receives the final form R 32 = [12, 15, 9, 8, 7, 1] , Fig. 4(c) . Since the path ends in the supply bus, this control variable is also declared as acceptable.
After opening the switch in branch 11 with the closing of the switch in branch 15 and the corresponding reorientation of the graph, the control variable u a2 can be corrected. Starting from the ends of branch 13 (in this case corresponding to the only unused variable of vector u 0 ), the sets L s2 = [7, 1] and L r2 = [5, 6, 14, 12, 15, 9, 8, 7, 1] are created. Applying (6), a set of allowed candidates for second control variable, L c2 = [5, 6, 8, 9, 12, 13, 14, 15] , is obtained, Fig. 4(d) . The selection of the switch that will be turned off is made using the random number generator. Assume that the value of 2 is obtained using a random number generator. In this case, the vector of the control variables has the following elements u a = [3, 6, 11].
Optimization algorithm
The described adaptive loop concept can be applied to any meta-heuristic optimization algorithm. In the proposed optimization algorithm, the distribution network reconfiguration is solved using the DE algorithm because of its reliability and versatility [24] .
Like all evolutionary methods, DE works with a population of vectors that represent potential solutions to the observed problem. This optimization method has only a few control variables (mutation and crossover factors) which can remain fixed throughout the entire optimization procedure. In the context of the problem considered in this paper, it is not possible to apply the classical DE since it works with real numbers. Rather, it is necessary to work with a modified version [26] that works with integers. The basic algorithm operations are initialization, mutation, crossover, selection and evaluation.
The control variables are directly coded as integer values within its corresponding bounds. The initialization process can generate N p , individuals randomly, and should try to cover the entire search space uniformly in the form X p (0) = round X L p + r m (X U p − X L p ) , p = 1, . . . , N p , where, r is a random number in the range [0, 1], X L and X U are lower and upper bound of control variable, and round is a function that rounds the real number to the nearest integer.
A mutant individual is generated according to
where random indices r 1 , r 2 , r 3 , ∈ [1, . . . , N p ] are integer and mutually different. The mutation factor, F m , is a constant and has to be set by the user. While the population diversity is small, the candidate individuals will rapidly gather together so that the individuals cannot be further improved, which may result in a premature convergence. Aimed at increasing the local diversity of the mutant individuals, a binomial crossover is introduced. In the crossover operation, each gene of the i -th individual is reproduced from the mutant vectors and the current individual, where the crossover factor, C r , is a constant and has to be set by the user, and z rand randomly selected the parameter which might take values from the range [1, e] 
In DE, each population vector is crossed with a randomly generated mutant vector. Since the current population of vectors already satisfies all bound constraints, only contributions from mutant vectors (V p ) potentially violate parameter limits. Consequently, bounds need to be checked only when a mutant parameter is selected for the target vector (u pz ) . In this paper, the bounce-back method for bounds correction was used. This method replaces a vector that has exceeded one or more of its bounds by a valid vector that satisfies all boundary constraints. This strategy takes the progress toward the optimum into account by selecting a parameter value that lies between the base parameter value (X r1 ) and the bound being violated. As the population moves toward its bounds, the bounce-back method generates vectors that will be located even closer to the bounds [24] . The evaluation function of an offspring is one-to-one "knockout" comparison to that of its parent. The competition means that any parent will be replaced by its offspring in the next population if the fitness of the parent is worse than that of its offspring, and vice versa. The described procedure continues until the convergence criterion is satisfied.
Algorithm
The proposed optimization algorithm that includes a new selection of individuals, as well as their verification and correction, in every iteration of the algorithm, can be described by the following steps: 1 Collecting all relevant data and adjusting the parameters of the optimization algorithm. 2 while p ≤ N p do 3 Creating the p-th vector of the initial population by using the algorithm given in Section 3.1 4 Power flow calculation 5 Constraints verification of control variables 6 if Constraints = 1 then 7 Criterion function evaluation of the p-th vector 8 p = p + 1 9 end if 10 end while 11 condition = 1 , N iteration = 0 12 while condition do 13 N iteration = N iteration + 1 14 for p = 1 to N p do 15
Creation of mutant vectors, V p 16 end for 17 for p = 1toN p do 18
Creation of target vectors, U p 19 end for 20 for p = 1toN p do 21
Validation of the target vector by using the algorithm given in Section 3.2 22
if U p unfeasible then 23
Correction of target vector, U p , by using the algorithm given in Section 3. Figure 1(c) shows the flowchart of proposed algorithm. The constraints are considered in two places (rows 6 and 28) in the algorithm. The first constraints validation, (1) - (5) , is done in the process of creating an initial population. If any constraint is violated, the if command (rows 6 -9) will not be executed, so the counter p will not be increased by one. Only when all constraints are satisfied (line 6) such a vector will be remembered at the p-th position in the initial population and the counter is increased by one. The second constraints validation is made after changes in control variables that occur as a result of optimization algorithm operators. If one of the constraints, (1) -(5), is violated (line 28) the parent X p will be passed to the next generation, since he is certainly feasible. If all constraints are satisfied (line 30) the offspring, U p , will go to the next population only if it is better than the parent, X p .
Two conditions were used as the criteria of convergence. The first condition relates to the maximum number of iterations, and for the second convergence criterion the repetition of the best solution was selected. In other words, if the best solution does not change during a predetermined number of iterations, the algorithm stops.
Test results
In this paper, two cases of distribution network reconfiguration were considered. In the first case, it is assumed that power consumption of all buses is known. This was done in order to compare the proposed algorithm with the fundamental loop concept. Forward/backward sweep method was used for power flow calculations [28] . Due to low observability of the distribution network, consumption in all nodes is not known. However, it is possible to predict the range of power consumption for each node of the network. In recent years, there is a growing presence of renewable energy in distribution systems. Wind turbines are the most commonly used renewable energy sources in distribution systems. Because of the stochastic nature of the wind it is not possible to accurately predict production at any point of time. In the second case, uncertainty in production and consumption is modelled using fuzzy numbers. The uncertainty of the supply voltage was also considered, which is also represented by the fuzzy number (V 1 = 0.95 pu, V 2 = V 3 = 1 pu, V 4 = 1.05 pu), Fig. 5(a) . For the power of it is assumed that will certainly be higher than S L1 = 85 %, most likely lies between S L2 = 90 % and S L3 = 110 % , and will be less than S L4 = 115 % of expected consumption, Fig. 5(b) . It was assumed that the data from [29, 30] represent the expected power of consumption. Production is also shown with a trapezoidal Fig. 5(c) , where the coordinates are defined by the following set [0, 50, 100, 100] %. For the fuzzy load flow calculation, the previously developed algorithm was used, [23] .
All tests were performed on two standard test distribution network, 33 and 119-bus system, which are shown in Fig. 6 . Tie branches are marked with red numbers and dashed lines, and for the second test network main stream feeders are marked with blue lines.
In the optimization calculations, the number of population members was N p = 50 . The following values were adopted for optimization algorithm parameters: F m = 0.9 , C r = 0.8 . For the first convergence criterion, the value of 100 iterations was selected. For the second convergence criterion, a value of 8 iterations was selected.
The first test system has in total 33 buses and 5 tie switches. The total real and reactive demand is 3.715 MW and 2.3 Mvar, respectively. All other necessary data (branch impedance, load, branch current limit) can be found in [29] . For the base state, shown in Fig. 6(a) , with supply bus voltage V sb = 12.66 kV, the losses in the observed distribution network are 202.68 kW. The time required for the execution of one load flow was 0.01 s. Table 1 shows the results of the analysis performed on 33 bus network. The first column shows considered cases: FL -Fundamental Loop, AL -Adaptive Loop, The results from the first two rows of Table 1 serve to compare the results of the proposed method and the fundamental loop concept when consumption in nodes is known. On the one hand, better solutions are obtained for a significantly smaller number of iterations compared to the case when the fundamental loop concept was applied. Fig. 7(a) show the comparison of results obtained using different concepts for 33-bus system. The solid line shows the change of the best solution during iterations, while the dashed line displays the change of the mean value of the examined criterion function of all population elements. In addition to this, the dash dot line shows the change of the worst solutions during iterations. As can be seen from Fig. 7(a) , using the fundamental loop concept, the final solution is achieved in three steps (flat segments in Fig. 7) .
By conducting a detailed analysis of the best vector within each population, it was found that they were not constant along the entire segment. However, this change in the control variables of the best vector did not cause major changes in the value of the criterion function, which directly affected the speed of convergence of the entire optimization process.
Power flow calculation is the most demanding process when the fundamental loop concept is applied. The fact is that the load flow calculation for a single configuration takes a very short time, as mentioned earlier, but due to the large number of created solutions related to the rejection of unacceptable solutions, the number of power flow calculation drastically increase. In average, 88 % of the time is spent on a power flow calculation when the fundamental loop concept is used.
The third row in Tab. 1 presents the results of the proposed algorithm when uncertainties in consumption and production are observed. The wind turbines are placed in three buses, receiving ends of the branches 11, 23 and 28, wherein it is assumed that all generators have the same nominal power (1 MVA), and the same power factor (pf = 0.95). Generator production profile is shown in Fig. 5(c) . On the one hand, the only difference between the AL and ALF approach is in the power flow calculation that is a bit more complex for a fuzzy approach and requires a longer calculation time. On the other hand, smaller losses of real power were obtained due to the presence of distributed generators. The second test system has in total 119 buses and 15 tie switches. The total real and reactive demand is 22.71 MW and 17.04 Mvar, respectively. Branch impedance and load data for calculation of the observed criteria function for the 119-bus test distribution network can be found in [30] . It is assumed that main stream feeder (blue line) can be loaded with a maximum current of 750 A, while the laterals can be loaded with a maximum current of 400 A. The losses in the observed distribution network are 1.31 MW, and this applies for the base state, which is shown in Fig. 6(b) , with supply bus voltage V sb = 11 kV. The time required for the execution of one load flow is 0.05 s.
The first two rows of Tab. 2 show the results for both concept, the fundamental loop and the adaptive loop, for the 119-bus test system. Because of the complexity of the problem with 15 control variables, the fundamental loop concept has converged after reaching the maximum number of iterations. As shown in the second row (AL) of Tab. 2, better solutions for a smaller number of iterations were found for this test network using the adaptive loop concept. By applying the adaptive loop concept, the calculation time increases proportionally with increasing dimensionality of the problem. Moreover, the total duration of the calculation is significantly higher compared to the proposed concept due to the greater dimensionality of the problem and the difficulty of forming feasible solutions using the fundamental loop concept. As can be seen from Fig. 7 , the presented curves in the fundamental loop concept for the worst solution and for the mean value of the criterion function of the entire population were slightly changed during the entire optimization process. This means that a large number of generated solutions were worse than existing ones, ie the population changed very slowly during iterations. On the other hand, this is not the case when the concept of adaptive loops is applied.
The results shown in the third row of Tab. 2 refer to the proposed algorithm when uncertainties in consumption and production are observed. Three wind turbines are placed in system, receiving ends of the branches 71, 73 and 110, wherein it is assumed that all generators have the same nominal power (1 MVA), and the same power factor (pf = 0.95). In this case, smaller losses of real power were obtained due to the presence of distributed production.
The results shown in Tab. 1 and 2 point out that using the fundamental loop concept with only one base state, which is most often applied in the literature [7, [9] [10] [11] 17] , does not perform a complete search of the entire solution space and the obtained solution represents a local optimum. With the adaptive loop concept, this search is expanding, and better solutions were found. Another advantage of the adaptive loop concept is a smaller number of iterations, with a shorter computation time.
Significantly more solutions are formed when the fundamental loop concept is used. Fig. 8 shows the total number of individuals created in each population using both concepts in the case when the reduction of real power losses is considered for both test systems. The largest number of generated vectors occurs during the formation of the initial population in the context of both concepts. Nevertheless, when the adaptive loop concept is used, this number is almost two times smaller. The reason for this improvement is the fact that using the adaptive loop concept only radial configuration can be created, while this is not the case with fundamental loop concept. On the other hand, there is no possibility of preventing the creation of solutions that would violate operational constraints related to voltages, limitation of branch load, and so, the number of these solutions is approximately identical in the initial population regardless of the chosen concept.
The results of the proposed algorithm are compared with the solutions found in the literature. The nominal value of the supply bus voltage is assumed for the verification purposes of all solutions. Table 3 shows the results of the comparison. The data from the fourth column of Tab. 3, which are taken from the references, are adapted to the numbering shown in Fig. 6(b) . Better speed in finding the optimal solution in the case of adaptive loop concept is a direct consequence of the proposed algorithm for correction of unfeasible solutions. If the operation of selected optimization algorithm produces an unfeasible solution in terms of network configuration (unconnected and/or non-radial), it is corrected and should not be discarded. That is why every member of the population is only processed once, which was not the case in the algorithms that used fundamental loop concept or binary coding.
Conclusion
This paper presents the adaptive loop concept for encoding the distribution network branches in solving the optimal reconfiguration of the distribution network. Following this concept, a permitted set of solutions that can be chosen is successively created for each control variable. Due to this approach, creation of unfeasible solutions (unconnected and non-radial) is disabled. Verification and correction of unfeasible solutions that are created using an optimization algorithm operator rules can be performed by applying the proposed adaptive loop concept. Two standard different test distribution networks were used for testing the characteristics of the proposed concept. The uncertainty of the distributed generators production was considered using a fuzzy numbers. The proposed concept has shown better characteristics regarding the fundamental loop concept for all considered cases. Furthermore, the optimal value of criterion function was found in a shorter time and for a smaller number of iterations by utilizing the proposed concept.
